Magnetoreflectivity has been used to deduce the spin polarization of the quantum Hall ferromagnet at around a Landau level occupancy of ν = 1. The single particle electron g-factor has been controlled by the use of a series of quantum wells of different widths. The results show that the system remains partially polarized for a range of occupancies near ν = 1, possibly due to the action of disorder. A sharp Skyrmion-like peak in the polarization only appears at very low values of g-factor.
There has been intense interest recently in the excitations and ground states of the quantum Hall ferromagnet [1] [2] [3] [4] , with particular emphasis on the concept of Skyrmion-like excitations involving canted spin states. The ground state of this system can be regarded as a model metallic ferromagnet where interaction effects play a large role in determining its properties. The ground state forms at magnetic fields such that all the electrons can be accommodated in a single level with an occupancy ν = n e h/eB = 1. It has previously been assumed that the ground state of this system is a state with a pure spin polarization, separated from its excited states by a large exchange enhanced gap. Measurements of spin depolarization as a function of temperature and occupancy [3] [4] [5] have been used to infer the properties of the excitations, notably in the measurement of the size of the Skyrmions as characterized by their number of additional reversed spinsS [6] . Attention has now been drawn to the role of disorder where it has been pointed out that the system may resemble a spin glass [7] . It has been suggested that some of the behaviour seen can be described in terms of disorder alone [8] , which has been shown to cause a critical collapse in the Coulomb gap [9, 10] . This also leads to a very broad region of partial polarization. In this paper, which extends our previous report in [11] , we examine structures with substantially reduced values of the Zeeman energy and demonstrate that the system does not show behaviour consistent with a simple Skyrmion picture until the Zeeman energy becomes very small.
The balance between the Zeeman energy (ZE = gµ B B) and the Coulomb energy (E c = e 2 /4π l B ) is characterized by the parameterg = gµ B B/E c which determines whether Skyrmions withS > 0 (smallg) or single spin flip states (largeg) will be the lowest lying excitations. The crossover is calculated to be atg = 0.018-0.054 [2, 12, 13] . For GaAs quantum wells typical values are in the range of g = 0.01-0.02, so the formation of Skyrmionic excitations is likely to be marginal. In this paper we have used a series of quantum wells of varying thickness to reduce the value of the electron g-factor, which depends on both the quantum well confinement and the magnetic field. Both theory [14, 15] and experiment [16] agree that the electron g-factor passes through zero at a well width of 55Å. By using a series of quantum wells varying from 150Å to 51Å we have varied the g-factor from −0.27 to +0.03, covering the range ofg from 0.02 to 0.003.
We have performed magnetoreflectivity measurements on a 2DEG formed in a series of asymmetrically doped GaAs single quantum wells with widths of 51Å, 68Å, 120Å and 150Å, all with carrier densities of 4.4 × 10 11 cm −2 . The quantum wells were grown using a 300Å thick Al 0.33 Ga 0.67 As spacer followed by a 300Å layer of doped Al 0.33 Ga 0.67 As:Si with a doping level 10 18 cm −3 and a final 250Å cap layer of GaAs. As the well width is narrowed the influence of layer width fluctuations, and hence disorder, becomes larger. For example , the half width at half maximum of the lowest Landau level, increases from 0.4 to 1.98 meV, as taken from reflectivity spectra with both polarizations. The data for the different samples are summarized in table 1. The measurements used a standard projection lamp giving unpolarized illumination of the sample in a 20 T He 3 insert with a base temperature of 0.4 K. Reflected light from the sample was analysed using an in situ set of circular polarizers and detected and dispersed with a CCD camera and monochromator. The strength of the magnetoreflectivity signal is determined by the density of unoccupied states and hence the density of 'holes' in the Landau levels. The absorption coefficient is directly related to dispersion in the refractive index through the Kramers-Kronig relation and it has been shown theoretically that the magnitude of the excursion of the reflectivity around the transition energy is proportional to the absorption coefficient [17, 18] . Figure 1 shows a series of optical reflectivity spectra in the region of occupancy 0.9 < ν < 1. − and I + are the amplitudes of the excursion of the reflectivity around the energy of the interband transitions between the zeroth Landau levels of the heavy holes and 2D electrons. I − was determined from the spectra measured in σ − polarization and corresponds to transitions to the lowest spin sublevel of the zeroth Landau level, I
+ was determined for σ + polarization detection and corresponds to the upper spin sublevel. The two transitions are well resolved in energy and the results do not depend on total exclusion by the polarizers. For a simple two-level system with a large Zeeman energy the spin polarization of the 2D holes is expected to saturate at 100% at low temperatures in systems with low disorder. This is exactly what is observed for a 250Å In 0.08 Ga 0.92 As SQW sample which was also studied for comparison. This material has a much larger absolute value of the g-factor (∼−0.9) and we observe conventional single-particle behaviour showing a 100% spin polarized system for holes for ν > 1 and for electrons for ν < 1 (figure 2). In the Skyrmion model it is expected that the 2D system will only be 100% spin polarized in the close vicinity of ν = 1 [3] . For the three widest GaAs wells (see figure 2 ) at low temperatures we observe a broad maximum in the spin polarization in the general region of ν = 1 but this is found to be an asymmetric curve with a maximum shifted towards filling factor 0.95 and with a peak value well below 100% even at the lowest temperatures (0.4 K at 18 T). The maximum spin polarization is also found to be strongly reduced for quantum wells where the g-factor falls (see figure 2) . These experimental observations suggest the existence of a robust state around ν = 1 which is nearly independent of small deviations of the filling factor from 1. For the narrowest quantum well (51Å SQW), which also has the broadest linewidth, the behaviour is dramatically different. Firstly, the g-factor and hence the polarization have changed sign, consistent with the calculated g-factor values, but the surprising feature is that the peak becomes much sharper and the polarization at ν = 1 is remarkably high. The theoretical polarization expected from both single particle and Skyrmion models for the ground state in the region of ν close to unity is also shown in figure 2. It is clear from the figure that our results from the wider well samples are not consistent with either picture. Above ν = 1 there is a clear depolarization of the system but this is only weakly dependent on the occupancy. There is no sharp peak at ν = 1 and only a small region of occupancy which might be described in terms of small Skyrmions with average reversed spin numbers of orderS = 1.5. In contrast, the sharp peak centred at ν = 1 observed in the narrowest quantum well is more like the expected Skyrmion behaviour and is consistent with Skyrmions composed of approximately eight flipped spins (S = 8). However, this sample still does not show complete polarization when the filling factor is one. The plateau region in the immediate vicinity of ν = 1 for the wider wells is similar to the most recent results for spin polarization derived from the Knight shift [6] in wide quantum wells where it has been proposed that localization of Skyrmions [19] is occurring. This seems to be only a partial explanation for our results, however, as the width of the feature around filling factor 1 is very similar for several samples with strongly different values of both gfactor and peak polarization. The very sharp polarization peak in the most disordered sample also seems contradictory to the idea of Skyrmion localization.
The temperature dependence of the spin polarization also shows unusual behaviour, as can be seen in figure 3 . This shows that in the wider well samples the peak polarization at ν = 1 at first increases with increasing temperature before falling again at higher temperatures. The asymmetric behaviour is transformed into a symmetric peak at high temperature centered at ν = 1 with a characteristic width δν ∼ 0.09 (see figure 3 of [11] ). The temperature dependence of the polarization at high temperatures is consistent with recent theoretical treatments of the temperature dependence of the exchange enhancement [20] with a saturation below ∼6 K, but the low temperature fall off in polarization suggests that the electron gas is freezing into a system with more reversed spins, rather like the behaviour of a spin glass.
It is not possible to say with certainty what is the underlying cause of the behaviour around ν = 1 as there is no single model that can explain all the features present. We can, however, suggest some possible partial explanations of our results that could shed some light on the observed behaviour. It has been suggested that disorder may play an important role in determining the spin stiffness of the system [9] . One picture including this is that of a disorder-driven phase transition in a dirty quantum Hall ferromagnet, as discussed by Rapsch et al [7] . In the true Skyrmion limit of zero Zeeman energy the Skyrmions are infinite and any deviation away from ν = 1 destroys the ferromagnetic order. In the presence of disorder the ferromagnetic behaviour is enhanced as there is a strong screening effect which allows ferromagnetic order to persist away from ν = 1 in small domains, even with the introduction of Skyrmions into the system. It is only as ν moves further away from one and Skrymions overlap on a shorter length scale that there is a phase transition into a spin glass and the ferromagnetic order is destroyed. This could explain why we find a stable region around ν = 1 where a small deviation from unity has no significant effect, corresponding to the ferromagnetic phase, but beyond a certain threshold there is a rapid decrease in polarization. Interestingly, in this model, if disorder is increased sufficiently the ferromagnetic phase disappears altogether and the system behaves completely as a spin glass. Rapsch et al [7] do not consider a finite Zeeman energy in their calculations but it is reasonable to expect that in the case of a nonzero Zeeman energy the system would be ferromagnetic over a larger range of filling factor in the low disorder regime due to the limited size of the Skyrmions, but the ferromagnetic state could still be further stabilized by the presence of disorder or possibly increased temperature. The samples that we have studied cover a large range of disorder and Zeeman energy, as shown in table 1, and it is possible that the increased disorder in the 51Å sample lies in the regime of a quantum Hall spin glass, thus giving very different behaviour to the other quantum wells. Once the disorder potential is comparable to the Zeeman energy reversed spins will already exist in the ground state [21] . This reduction in spin stiffness makes it easier to perform additional spin flips so the spin waves become dressed, which in turn reduces the spin stiffness further. The excitations at very small Zeeman energy will thus contain many reversed spins. It is not clear whether this mechanism will lead to a Skyrmionic spin texture or merely a multiple spin exciton. The much smaller g-factor seems to produce behaviour closer to that of a Skyrmion-like system but it is unclear how this is occurring in detail.
Another possible description of our results could be the presence of single particle mixing which might mix the two spin states. A good candidate for such a mixing is the band structure asymmetry associated with spin-orbit coupling which it has been suggested may lead to the formation of an easy-plane ferromagnet [22] . Such a mixing would need to have a coupling strength of order = 0.1 meV to mix spin states split by the Zeeman energy at ν = 1. What could be the mechanism for such an interaction? A number of reports have shown that in quantum wells which have a large electric field present, a zero field spin splitting occurs which is the result of the band asymmetry and spin interaction terms first described in detail by Bychkov and Rashba [23] . Raman measurements by Richards and Jusserand [24] found values for this splitting of ∼0.1 meV for asymmetrically doped quantum wells with a carrier density of 4.5 × 10 11 cm −2 . At high magnetic fields in the axial approximation, however, the spin-orbit interaction normally mixes only states from different Landau levels and so we would expect the mixing to be strongly reduced [25] . The present results would require, however, that this coupling remain significant even in the high field limit when the electron levels are strongly quantized. Under these conditions this term would need to mix the two spins in the lowest Landau level in a manner which corresponds semiclassically to the magnetic breakdown between the Kramers degenerate orbits for ±k. In the limit of ZE → 0 the electron is oscillating between spin up and spin down as its orbit crosses k = 0. This change in the single-particle character of the states would not, however, be expected to destroy the exchange interaction which only relies on the orthogonality of the two states. In this situation the exchange enhanced 'spin splitting', which is observed in transport experiments, no longer separates pure spin states. This would be expected to lead to considerable discrepancies between experiments such as activated transport which measure only the energy gap and optical absorption or Knight shift which measure the spin composition of the system. As the occupancy moves away from ν = 1 the mixing picture also suggests that there should be a relatively broad peak as this is predominantly a single particle interaction.
One substantial difficulty with the single particle mixing approach is that this strongly suggests that we would expect broad and symmetric behaviour around ν = 1, in contrast to the data. This is more straightforward to explain in the disorder picture as it is quite likely that the scattering may be dominated by either attractive or repulsive scattering centres which could lead to substantially different behaviour for Skyrmions as compared with anti-Skyrmions.
To conclude we have demonstrated the existence of a strongly correlated stable state of the 2DEG around ν = 1. Our experimental data for spin polarization are inconsistent with present theoretical pictures of the quantum Hall ferromagnet and indicate that the ground state is significantly depolarized, probably due to the influence of disorder. A sharp peak in the polarization at ν = 1 corresponding to the rapid destruction of polarization by Skyrmions is only observed in a sample with the very small dimensionless Zeeman energy ofg = 0.003.
